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Executive Summary
This design project resulted in a prototype tissue stretcher for a lab at WashU. In its most basic concept,
this type of research device applies some type of action on a biotissue and observes the tissue’s response.
In this case, a pulling force is applied to the tissue and measured in sync with the amount of distance that
the tissue stretches. This is a stress/strain relation and is an important material property. Measuring how
this changes for a similar physical biotissue under different external conditions may allow the researcher
to glean insights into how the tissue operates.
This tissue stretcher achieves this function by use of a stepper motor, micrometer, force transducer, and
other small parts. The stepper motor can rotate in unit amounts and allows for precise control of motion.
This rotational motion is translated into linear displacement through a type of device called a micrometer.
Machined couplings connect the motor rod to the micrometer and the micrometer to a linear slide to allow
for fixed movement. The linear slide attaches to one end of the tissue to induce the stretching while the
force transducer hooks to the other end of the tissue to measure the amount of resistance the tissue puts up
for the stretching.
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2

INTRODUCTION AND BACKGROUND INFORMATION

2.1 INITIAL PROJECT DESCRIPTION
Dr. Genin and his research lab, Center for Engineering MechanoBiology, desire to observe a ring-shaped
engineered tissue on a confocal microscope. The device to accomplish this must be able to stretch the
tissue while it is mounted on a microscope so that they can observe the changes in the tissue under
different stresses and strains as well as record the data. A prototype of a tissue stretcher that can be
motorized to apply desired stresses and strains to the tissue will be made. This motorized device must
have precise controls for the stresses and strains applied to the tissue sample. This project scope does not
include a microscope.
2.2 EXISTING PRODUCTS
Design 1
Computer Controlled Cell Deforming - Cell Stretcher
Figure 1 shows the schematic of the existing computer controlled cell deforming design.

Fig. 1

Existing Design #1 “Computer controlled Cell Deforming” [1].

This cell stretching device works by stretching an elastic membrane on which cells have been cultivated.
The membrane is secured to the two blocks which rest on a carrier plate. The two blocks slide in opposite
directions during stretching. This device is also designed to be used with microscope imaging. To keep
the stretched area of interest in the same viewing frame of the microscope, a motor displaces the carrier
block to compensate for the distance the area of interest has moved away from its original position.
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Design 2

Multiple tissue sample stretcher

Figure 2 shows views of the existing multiple tissue sample stretcher design.

Fig. 2

Existing Design #2 “Multiple tissue sample stretcher” [2].

This tissue stretching device consists of a linear actuator, a linear guide, rods, and culture wells. The
tissue is to be placed inside the culture wells. One side of the tissue is clamped to stationary rods. The
other side is attached to rods attached to the linear guide that moves with the linear actuator. The system
is controlled by a LabView program.
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Design 3

Planar Biaxial Testing System

Figure 3 shows a top view of the existing planar biaxial testing system design.

Fig. 3

Existing Design #3 “Planar Biaxial Testing System” [3].

This tissue stretching device consists of four arms arranged in square pattern 90 degrees apart from one
another centered around the tissue specimen of interest. Each arm is actuated by a stepper motor and has a
load cell at the end. Three sutures connect the load cell to one side of a square shaped piece of tissue.
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Design 4

Genin Tissue Stretcher

Figure 4 shows views of the existing tissue stretcher in Genin’s lab.

Fig. 4

Existing Design #4 “Genin Tissue Stretcher”[4]

This tissue stretching device consists of a force transducer, bath, microstepping motor, and linear slide. It
moves in two vectors brought together by a sort of lowercase n shaped junction by a bar across the slide.
This junction has the micrometer and motor controlling one side and pairs the motion to the bar on the
other side which stretches this tissue. All of the motion is in a vertical plane. The force transducer is
suspended directly above the tissue and interfaces with outdated custom software and electronics.
Proposal reference link:
https://drive.google.com/open?id=1Y6tR80dtAjGhYUkHFlQooF_8i2R7dbyv
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2.3 RELEVANT PATENTS
Patent 1
Uni-directional cell stretching device
Patent: US6107081 A

Fig. 5 Patent #1 pictures [5].
This cell stretching device contains a small tissue culture chamber with a linear actuator assembly
attached. Cells of interest are cultured on an elastic strip placed inside the culture chamber. One end of the
strip is fixed to a stationary part of the chamber. The other end is attached to the actuator assembly, which
gives it the ability to travel in one direction, providing the stretching action.
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Patent 2

Surgical Suturing Machine

US4747358A
Patent Number: 4,747,358
Figure 6 shows the pictures for the second patent.

Fig. 6 Patent #2 pictures [6].

This is a surgical suturing machine. The projecting tissue edges to be sutured together are
clamped between plates and a cylindrical body. The circumferential surface of the rotating
cylindrical body grips on the outer surface of one tissue edge and guides the two tissue edges
into a clamping zone. The projecting tissue edges are pierced by needle in the clamping zone and
are sutured together with the aid of a thread catcher and needle. Then they are pressed flat by a
stretcher so that the edges of the tissue are opposite and abutting one another.
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2.4

CODES & STANDARDS

This is an OSHA code for exposure to hazardous chemicals in laboratories. Since there will be chemicals
in the bath it is relevant to the prototype [7].
OSHA 1910.1450
Occupational Safety and Health Standards
Toxic and Hazardous Substances
Occupational exposure to hazardous chemicals in laboratories.
e-CFR
For any OSHA health standard, only the requirement to limit employee exposure to the specific
permissible exposure limit shall apply for laboratories, unless that particular standard states otherwise
or unless the conditions of paragraph (a)(2)(iii) of this section apply.
Code: Workers must be protected from hazardous chemicals.
Solutions: Fume hood.
Metric: Ppm of chemicals in air near setup.
This is an ANSI approved code for stepper motors. A stepper motor is used in this prototype [8].
Standards UL 1004-6
2017-01-23 ANSI approved
1.2 This Standard applies to servo and stepper motors. The requirements in this Standard are intended to
evaluate the suitability of the motor for normal use when fed from an appropriate controller (drive)
through its manufacturer declared normal operating region.
Code: Evaluates motor performance metrics for normal use.
Solutions: Standard for operation
Metric: Percent of motor capacity used.
https://standardscatalog.ul.com/standards/en/standard_1004-6_2
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2.5 PROJECT SCOPE
Overview
A tissue engineering researcher at WUSTL desires to test the mechanical properties of ring-shaped
engineered tissue constructs by stretching them in specified ways. By keeping the tissue cells alive in a
bath of media during the experiments, the researcher will be able to both test the mechanical properties of
normal tissue cells and also tissue cells that have been treated with drugs.
Customer
The targeted customer of this project is a biomechanics research lab. Specifically this lab will be working
with bioengineered tissues and mechanically testing their properties. This is a sophisticated product that
will fill that need dynamically by being able to stretch the tissue in a customer specified way.
Value
The customer did an extensive search online for such a device but could not find a commercial device
suitable for their needs. This project fits a sophisticated need that is unfulfilled. It will allow for precise
testing of a tissue in a way that is currently unfilled. The device will deliver valuable data in the form of
force-displacement curves for different tissue samples.
Project goals
Motor control: Microstepping motors are needed to provide precision stretching of the tissue samples.
After establishing the precision of the motor control, motor control protocols must be implementable and
modular. For example, one such protocol would be a ramp and hold, where the motor performs one
rotation in a specified amount of time and then holds that position for a specified amount of time. Another
protocol would be a sawtooth or sinusoidal input to the motor with specified number of cycles,
displacement amplitude, and period.
Force recording: The force acting on the tissue samples must be recorded with precision. Since the tissue
samples and forces are small, the force transducers must have high resolution for a low range of forces.
Data recording and display: The force signals must be displayed graphically in real time. The data should
be saved to an attached computer at the end of each run.
Internal Scope
The scope is one modular tissue stretching device that may be expanded into multiple units. The data will
be easily exported as a CSV file.
External Scope
The project will not contain multiple stretching platforms. The project will not perform more complicated
stretch protocols, such as using complex waveform inputs that would pose a challenge to implement in
the controls.
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Critical Success Factors
The mechanical performance of the frame on which the device rests is important. Tolerances must be
adhered to and deflection of the components must be avoided for the device to perform consistently and
as expected. Having precise machining capability to produce the device to certain standards is a critical
success factor. Additionally the tissue bath must be able to keep the cells alive for the duration of testing.
Having researchers with the know how to operate the machinery is also a critical success factor. Regular
meetings with our customer are needed to ensure progress and help with troubleshooting. Having the
project be dynamic and flexible to accommodate for changing needs is a critical success factor.
Assumptions
It is assumed that the tissues all have a similar dimensions and composition. It is also assumed that the
tissues are all in a good physical state and will respond well to the tests.
Constraints
The constraints on this project are all related to the tissue. Tissues have certain properties in how fragile
they are, how much force they take to stretch, and so on. For instance the sample may need a specialized
fixture for the stretching. In the past, labs needed special epoxies or clamps to properly hold certain
tissues for stretching. There are also limitations with the hardware. The finite stepping ability of the
microstepping motor and resolution of the force transducers will limit the resolution of the data produced.
Tolerances and manufacturing quality will be limited by the machining capabilities here at WUSTL.
Key Deliverables
The device will record force and displacement values on each tissue sample that is tested. By plotting
these values, force-displacement curves can be generated, which will provide valuable insight into the
mechanical behavior of the tissue samples.
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2.6 PROJECT PLANNING
Figure 7 shows a Gantt chart used to plan the approximate schedule of the design process. This stretches
from idea generation to receiving materials to developing the final prototype and testing.

Fig. 7

Gantt chart for the prototype.
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2.7 REALISTIC CONSTRAINTS
Using constraints is a critical part of the design process. Without them the scope and requirements of a
design can be too broad. Design constraints are needed to ensure that a design will actually be functional
and add value to the end user. Providing value to the consumer is the main objective of any design. For
instance the design needed to be compact enough to fit onto a lab surface easily. Without keeping such a
constraint in mind, an assembly could become too large and thus impractical which would nullify some of
the value of such a project. Besides usability, the other most important constraints for this project were
the specifications for the actual testing. The tissue stretcher would need to be tuned so that it can
effectively measure the stress strain ranges of desired tissues. This means that tissue size, strain rate, and
relative magnitude and precision of force must be taken into account. These were the two primary drivers
in our final design.
2.7.1 Functional
Spatial: The project must be able to fit on the lab surface comfortably, a huge setup is not desirable.
Motion: The project is limited by the capability of the motor. The induced motion can only use as much
force as the motor is capable at outputting at the speeds and minimum discrete intervals the motor is
capable of controlling.
Forces: The project must be able to actually induce a strain by using a force on a similar order of
magnitude required by the tissue. This depends on tissue properties.
Energy: Since the motion runs off of a power supply and not the control setup, energy is not a constraint.
The project however must be allow for easy connection to a power supply.
Materials: Materials need to be rigid and sterile.
Control: The control system must be modular.
2.7.2 Safety
Operational: The electrical systems must be designed to prevent electrical hazards. Since many pieces of
the project are machined metal, the edges must be deburred to reduce chance of cuts. Additionally the
linear vector of motion must be free of pinching hazards.
2.7.3 Quality
Quality assurance: The system must be up to code.
Quality control: The prototype must have strict tolerances and the motion must be rigid to get precise
measurements.
Reliability: The prototype must be consistent. For research purposes, data collection must be repeatable.
2.7.4 Manufacturing
Production of components: Manufacturing is not a significant constraint since only one such setup is
needed. This prototype is for a specific use in one research lab.
Assembly: The brackets and other supports for the prototype assembly are taken into consideration for
manufacturing. The prototype must be rigid and feasible to put together.
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2.7.5 Timing
Design schedule: The prototype must be completed by the deadline.
Production schedule: Certain facets of the prototype can only be worked on after pre-requisite parts are
completed or components are acquired.
2.7.6 Economic
Development costs/resources: The cost of components for this prototype and the amount of time spent
on machining and assembly it are factors to be minimized.
2.7.7 Ergonomic
Ergonomic design: The machine must be easy to load by hand.
Cybernetic design: The data output must be clear and easy to analyze.
2.7.8 Ecological
General environmental impact: Environmental impact is not really a constraint for this project. Using
the least material and being energy efficient would be of positive impact.
2.7.9 Aesthetic
Customer appeal: The product is for research purposes. The aesthetic would likely be plain so as to be
inconspicuous and not distract hard at work graduate students.
2.7.10 Life Cycle
Operation: The prototype should be as quiet as possible. To serve this, a driver was chosen that allows
for more silent operation of the stepper motor. The prototype will not wear over the number of cycles it
will be used and operating conditions will be favorable.
Maintenance: Maintenance is not foreseen, but if a motor were to fail, one of the exact same geometric
dimensions would be needed to replace it and the fastening mechanism would need to be non permanent
(e.g. brackets and screws instead of welding).
Disposal: The prototype is made out of metal that can be scrapped and components such as the force
transducer and motor which can be reused.
2.7.11 Legal
Regulations: Regulations are not a major constraint for this project.
Ethics: This project scope does not have ethical implications but the prototype should be safe to operate.
Intellectual Property: The prototype must be significantly different from previously patented designs.
2.8 REVISED PROJECT DESCRIPTION
A tissue engineering researcher at Washington University in St. Louis desires to measure the stress-strain
response of ring shaped engineered tissue constructs. He plans to load the tissue cyclically, imposing a
stress and then allowing the tissue to relax before repeating the process. The tissue cells must remain alive
during the duration of the experiment. The force acting on the tissue and the strain both must be measured
accurately to produce quality results. The components of the tissue stretcher will be mounted horizontally
on a test fixture, including a force transducer with a hook to connect the tissue, a container for the tissue
and media, and a motor and displacement measurement device with another hook for the tissue. Sitting in
the container in a bath of media, the tissue will be connected on both ends to a hook. The motor will
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control the strain and the force transducer will measure the force of the stretch. The system will be
operated by a programmable closed-loop control system that will interface with a computer for the
recording of data.

Page 20 of 61

Tissue Stretcher: Group M

3

CUSTOMER NEEDS & PRODUCT SPECIFICATIONS

3.1 CUSTOMER INTERVIEWS
Table 1 shows the questions and responses from the customer interview. This was done to determine the
scope of the prototype and what to prioritize in the final design.
Table 1

Customer Interview with Dr. Genin.

Customer Data: Tissue Stretcher II (TS)
Customer: Dr. Guy Genin, Dr. Tony Pryse
Address: 1 Brookings Dr. St Louis, MO 63105
Date: September 15, 2017

Question

Customer Statement

Interpreted Need

Importance

What is the shape
and makeup of the
tissue samples?

They are rings of collagen or other
extracellular matrix proteins with
cells embedded in the polymerized
protein matrix.

TS will need hook-like
appendages.

5

Is the tissue alive?

The tissue is alive. They are grown TS provides an environment
in culture chambers before being
that keeps the cells alive.
harvested.

5

What will do the
stretching?

The motors should be controlled
by a computer and have small
discrete steps of rotation.

TS will be actuated by
programmable microstepping
motors.

5

What kind of data
should be recorded?
How should the data
be handled?

The force acting on the tissue
needs to be recorded. The user
should be able to specify the
number of data points created per
second.

TS will recorded forces with
force transducer.

5

The signal recorded should be
digitized.
The signals should be displayed
graphically in real time.
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The signal will be fed into an
Arduino, which will digitize
the signal for further analysis
in MATLAB.
A MATLAB program will
graph the data in real time.
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Are tissue
irregularities
possible?

The tissues should all be a similar
size. There may be some
differences in flexibility of tissues.

TS will need to have a range
of applied force.

4

What extra
capabilities would
be desirable?

Additionally chaining sequences
should be possible (e.g. go from
sawtooth to stretch and hold while
saving data in between trials).
Also feedback control on the force
of the transducers could be useful.

TS will have to be able to run
multiple ramp sequences.

3

What type of
motor/motion is
wanted for the
setup?

Linear motion. Motors must
microstep. Motor motion varies by
experiment. Stretch and hold or
sinusoidal cycles should be
possible.

TS must have microstep
motors capable of
programmable cycles

5

What control
scheme would be
ideal?

Constant force programs as well as TS will use ramp and hold
cyclical force programs are
inputs and
desired.
sawtooth/sinusoidal inputs.

What future
modifications
should the project be
adaptable to?

The system should be adaptable
for future force ramp sequences
and slightly different tissue
configurations by rearranging the
hooks.

How should the data
be analyzed?

Force should have a real time
Graphical display of force.
graphical display. Resolution for
the data is variable. This should be
output at the end of the
experiment. Additionally the force
should be indexed by time in a live
plot.
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Different ramp sequences and 4
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should be possible
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3.2 INTERPRETED CUSTOMER NEEDS
Table 2 is a tabulated version of customer needs derived from the customer interview shown in Table 1.
Table 2

Customer Needs

Need
Number

Need

Importance

1

TS has hook-like appendages.

5

2

TS provides an environment that keeps the cells alive.

5

3

TS is actuated by programmable microstepping motors.

5

4

TS records forces with force transducer.

5

5

TS has a range of applied forces

4

6

TS has the ability to run multiple ramp sequences.

3

7

TS has microstep motors capable of programmable cycles

5

8

TS has different ramp sequences and attachment modifications should
be possible

4

9

TS able to connect to a computer to show a graphical display of force

4
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3.3
TARGET SPECIFICATIONS
Table 3 shows the specifications required to meet the targeted customer needs from Table 2.
Table 3

Target specification table.

Metric
Number

Associated
Needs

Metric

Units

Acceptable

Ideal

1

4,5

Motor Power Range

W

0-6

4-5

2

9,7,4

Connectivity

V

0-5

2

3

5

Percent Stretch

%

50%

80%

4

8,6

Number of Stretching
Protocols

Integer

>3

5

5

2

Percent Cells Kept Alive

%

>90%

100%

6

1,8

Appendage configurations

Integer

>3

6

7

3

Number of Programming
Configurations

Integer

>2

4
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4

CONCEPT GENERATION

4.1 FUNCTIONAL DECOMPOSITION
Figure 8 shows the decomposition of functions for the prototype. It shows each possible function of the
prototype and possible associated functions.

Fig. 8 Functional decomposition diagram.
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4.2 MORPHOLOGICAL CHART
Table 4 shows the Morphologies of the prototype functions.
Table 4

Morphological word chart for the prototype function.

Interfaces with controlling system,
tissues, and motors/attachments

-Unit sits on table with vertical fixtures
-Tissue attached to force transducer by hook and chain
-Tissue attached to linear slide by secondary hook
-Arduino centralizes controls and sensor readings

Allows mechanical motion

-Motors rotate, rotation motion is translated into linear motion
by screw,
-Linear slide provides axis of motion

Responds to stimulus, dynamic
instructions

-Sawtooth
-Sine
-Ramp and hold
-Computer

Provides energy to controller and motors

-Plug in wall outlet
-Battery
-Windmill

Sends feedback data from sensors

-Cables connected to computer
-Wifi router
-Micrometer

Active data display

-Computer screen
-Data input cables

Keeps cells alive

-Bath with chemicals
-Refrigeration for bath
-Air bubbler injecting oxygen into bath
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Figure 9 shows the pictographic version of the morphological chart.

Fig. 9

Picture representation of the morphological chart.
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4.3

CONCEPT #1 – “LINEAR TISSUE STRETCHING”

Figure 10 shows the concept sketch for the linear tissue stretching design alternative.

Fig. 10

Concept sketch for the linear stretching design.

Description
The tissue stretching occurs in a linear horizontal plane. Everything is in one line. The motor attaches to a
motor coupling which attaches to the micrometer which is coupled to a linear slide to secure the motion.
This is then translated through a line and hooks to the tissue which is submerged in the bath. On the other
end the force transducer hooks into the tissue as well. Everything is boosted up to a work by extrusions
above the base plate. This allows for room for the bath and other auxiliary items integral to testing.
Solutions
1. All motion is horizontal so gravity has no effect on data readings
2. The motion is all in one plane
3. Bath holds tissue
4. Motion is translated through a micrometer and is coupled to a linear slide
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4.4

CONCEPT #2 – “SPRING-MASS TISSUE SYSTEM”

Figure 11 shows the concept sketch for the spring-mass design alternative.

Fig. 11 Concept sketch for the spring mass tissue system.
Description
A spring mass system hanging from a pulley attached to hooks provides an oscillatory impulse to the
tissue stretching. The goal of this is to see how the tissue recovers from sudden and extended stretching
cycles. This simulates how tissues might be placed under a dynamic load and can capture the response.
Solutions
5. Unit sits on table
6. Hook attached to force transducer
7. Bath holds tissue
8. Mass attached to spring on pulley system

Page 29 of 61

Tissue Stretcher: Group M

4.5

CONCEPT #3 – “DUAL PULLING”

Figure 12 shows the concept sketch for the dual pulling design alternative.

Fig. 12

Concept sketch for the dual pulling design.

Description
There are motors on both sides of the linear track of tissue stretching in this design. They pull the tissue in
exact opposite directions at the same time. This allows for both a force mismatch in pulling to see how the
tissue responds under a more dynamic load as well as a more even force gradient across the tissue than
would be achieved by one motor and a fixed point.
Solutions
1. Unit sits on table
2. Microcontroller
3. Micrometer and linear slide attached to both motors
4. Bath holds tissue
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4.6 CONCEPT #4 – “PLANE STRETCHER”
Figure 13 shows the concept sketch for the plane stretcher design alternative.

Fig. 13

Concept sketch for the plane stretcher design.

Description
This design provides stretching in multiple directions. It works in a similar concept to alternative idea #3
but provides stretching in a plane rather than a vector. This will allow for a perfect load gradient
throughout the tissue. The risk is that the tissue might not be symmetrically uniform but the fixtures could
be adjusted so that motors are attached in a modular way that allows for this concept to be fulfilled.
Solutions
1. Unit sits on table
2. Microcontroller
3. Micrometer and linear slide attached to motor
4. Hook attached to force transducer
5. Bath holds tissue
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4.7 CONCEPT #5 – “OBSERVING STRETCHER”
Figure 14 shows the concept sketch for the observing stretcher design alternative.

Fig. 14

Concept sketch for the observing stretcher design.

Description
This variation includes a thermal imaging device to examine the tissue in real time. The device will detect
tears in the tissue and allows for more accurate imaging as it can tell when the tissue is undergoing
unusual unwanted deformation and void the trial. This will allow for more accurate results and
additionally for automated stretching so that test protocols can be run for hours without human
supervision of the tissue sample, greatly improving the productivity of the customer.
Solutions
1. Can interrupt stretching protocol in case of failure
2. Automation of unsupervised experiments to be run overnight
3. Thermal sensor line of sight is trained on tissue
4. Thermal sensor sends feedback to computer and code is set to recognize rapid changes signalizing
a tear
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4.8 CONCEPT #6 – “QUAD STRETCHER”
Figure 15 shows the concept sketch for the quad stretcher design alternative.

Fig. 15

Concept sketch for the quad stretcher design.

Description
String with hooks are attached to the tissue sample. Strings are rolled around a cylindrical shaped motor
and as the cylinder rotates the tissue is stretched. This method provides stretching in different directions.
This also allows for a new type of staged stretching. The tissue can stretch vertically, hold, then stretch
horizontally, hold, then stretch vertically again to allow for new stress patterns.
Solutions
1. 4 different rotating cylinders providing stretching capability in two axes
2. Allows for x/y ramp stretching (Hold and switch protocols)
3. Stretches in a plane without 3d complications
4. Hooks are attached in a row, ideal for planar tissue membranes
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5

CONCEPT SELECTION

5.1 ANALYTIC HIERARCHY PROCESS
Figure 16 shows the matrix used to determine the relative weighting of qualities to evaluate the concepts
by. This is a very important step in the design process since it determines the values by which the final
prototype concept will be selected.
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Fig. 16

The analytical hierarchy process used to weight the different designs.
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5.2 CONCEPT SCORING MATRIX
Figure 17 shows the concept scoring matrix used to rank the different concepts. This matrix uses the
weighting of different criterion that were determined in Fig 16.

Fig. 17

The concept scoring matrix used to rank the different concepts.

5.3 EXPLANATION OF WINNING CONCEPT SCORES
Design 1- 4.75/5.00
As expected, our first design scored the highest. It scored highly in the highest weighted criteria
with its ability to record force and the tolerance of its displacement actuation. The simplicity of its setup,
with sub one micrometer resolution provides it the ability to record displacement finely as well as provide
the tolerance of displacement as it turns. There is only one force transducer directly horizontal to the
tissue in line with the direction of displacement, so it is measuring the force exerted on the tissue in the
most direct way possible. Gravity will not interfere with the tissue stretching, and the gravitational force
would be of a high enough proportion to obscure the results. Overall, this design is the most well rounded
and addresses all the criteria either well or adequately.
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5.4 EXPLANATION OF SECOND-PLACE CONCEPT SCORES
Design 3- 3.75/5.00
The third design is similar to the first, except that it has two motors. While this design addresses
most of the criteria well, the fact that the design does not have the ability to mount force transducers in a
simple way hurt it’s score in one of the most important categories, its ability to record force. Otherwise,
this design carries over many of the good scores from the first design, but loses some more points in that
it contains two motors, adding to its complexity and reducing its durability. This is a horizontal design as
well.

5.5 EXPLANATION OF THIRD-PLACE CONCEPT SCORES
Design 2- 3.00/4.00
The second design is a low tech version of the first design. This earns it points in cost, but
reduces its performance in tolerance of its displacement actuation. While the use of a spring-mass system
accomplishes the task of stretching the tissue, the displacement will be inconsistent and difficult to control
and measure. In addition, the oscillation of the weight may make force readings difficult on a sensitive
force transducer and decreases the durability of the system.

5.6 SUMMARY OF EVALUATION RESULTS
The evaluation found the more simple concepts to be more effective. This is intuitive since unnecessary
complexity raises costs and may obscure function.
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6

EMBODIMENT & FABRICATION PLAN

6.1 ISOMETRIC DRAWING WITH BILL OF MATERIALS
Figure 18 shows the isometric schematic of the prototype as well as all the components used in this
assembly.

Fig. 18

Prototype isometric schematic with BOM.
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6.2 EXPLODED VIEW
Figure 19 shows an exploded view of the prototype assembly.

Fig. 19

Exploded view of the assembly.
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6.3 ADDITIONAL VIEWS
Figure 20 shows an isometric view of the final prototype assembly.

Fig. 20

Final prototype assembly used for manufacturing (isometric view).
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Assembly View 2
Figure 21 shows a top view of the final prototype assembly.

Fig. 21

Final prototype assembly used for manufacturing (top view).
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Assembly View 3
Figure 22 shows a side view of the final prototype assembly.

Fig. 22

Final prototype assembly used for manufacturing (side view).
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7
7.1

ENGINEERING ANALYSIS
ENGINEERING ANALYSIS RESULTS

7.1.1 Motivation
The primary point of engineering analysis is to determine the maximum of deflection on the beam holding
the force transducer as even small variations could cause inaccuracies in measurement. This is the only
component concerning since it would have the highest deflection by far due to the moment about it. This
analysis was carried out using the FEA method on the aluminum extrusions using the SolidWorks 2017
software to analyze the aluminum extrusions. The ASME codes were followed in this analysis.
Secondarily the strain rate of the motor is to be determined because it is the primary actor in testing. This
is necessary to be able to coordinate the motor to induce the right amount of stress and linear motion onto
the muscle. This is determined by the rpm of the motor and linear translation factor of the micrometer.
7.1.2 Summary Statement of the Analysis
Figure 23 shows the full assembly from an isometric view to provide context for the engineering analysis.
The extrusions acting as supports are the area of interest.

Fig. 23

Isometric view of the full assembly.
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Figure 24 shows the Solidworks study of the extrusion under the maximum force of the prototype motor.
The maximum deflection is the primary point of interest here as it would be what distorts the accuracy of
displacement measurements.

Fig. 24

The Solidworks simulation of the extrusion under load.

The deflection of the beam was found to be 0.05mm. This was calculated using FEA (fixed element
analysis) in SolidWorks. More detail is covered in methodology. Equation 1 describes the strain rate of
the motor. It is determined by the simple relation that there is a linear translation factor for the force
micrometer as well as the properties of the motor.
SR = 0.01666*R
(1)
Where SR is the strain rate of the motor [mm/s] and R is the revolutions per minute of the motor [rpm].
7.1.3 Methodology
The engineering simulation was done using the static simulation function on SolidWorks 2017. This
function takes a net of nodes on the beam and runs mechanics equations on each point, effectively
running a piecewise integral approximation on the deflection response of the support. A shear force of 5N
was applied to the top face of the extrusion while the face of the extrusion attached to the base plate was
marked as a fixed surface.

7.1.4 Results
The results of the analysis was 0.05mm for deflection of the beam and .01666*(rpm) [in mm/s] for strain
rate. These results are within a reasonable magnitude and make sense because the beam wouldn’t deflect
much. Dr. Genin needs very slow stretching of which the exact magnitude is not super important. Having
the motor running at 2 rpm will have a 2mm ramp up protocol complete in 1 minute which is about right.

7.1.5 Significance
These results do not influence the design of the prototype. They simply confirm that it is all systems go
with the current design! The strain rate however will be used going forward to calibrate the operation of
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the motor. This is crucial for user control design as well as for accurate data collection. The dimensions of
components and choice of components remain unaffected and are affirmed by this analysis.

7.2

PRODUCT RISK ASSESSMENT

7.2.1 Risk Identification
Risk Name: Biotissue hazard
Description: Biotissues can carry diseases so having leaks or a configuration that could promote
contamination could be hazardous.
Impact: { 3 }. Biohazards are a major issue for regulated biolabs.
Likelihood: { 2 }. Preventing this risk requires diligence on part of the lab to keep the setup clean after
handling and minor spills.
Action: This risk can be mitigated by making the part easy to keep clean with no crevices and make it
easy to work on to reduce the likelihood of spillage.
Risk Name: Moving parts hazard
Description: A motor that induces motion of parts creates danger. An experimenter could get their finger
caught in the motion of the slide.
Impact: { 2 }. This would be a fairly superficial injury.
Likelihood: { 1 }. It is a possible risk but this design has enough open space that it is extremely unlikely.
Action: This risk can be mitigated by having warning signs and removing potential dips and enclosed
spaces where a finger could get pinched.
Risk Name: Sharp edges hazard
Description: The experimenter could get their fingers caught on one of the sharp edges of the hooks or
trip and fall and hit their head on the end of the linear slide.
Impact: { 4 }. A cut could be fairly serious.
Likelihood: { 2 }. It is conceivable with a clumsy experimenter.
Action: This risk can be mitigated by filing down all the edges to be dull or provide cushioning on sharp
corners.
Risk Name: Electrical wiring hazard
Description: The electricity has the potential to shock a user of the setup.
Impact: { 1 }. This would cause mild discomfort for the experimenter.
Likelihood: { 2 }. People infrequently get shocked by electricity but most people can remember at least
one occasion it has happened to them accidentally.
Action: This risk can be mitigated by designing the energy inputs to be secure and out of the way as well
as being resilient to degradation.
Risk Name: Fire hazard
Description: With electrical wiring, especially on a machine that is unsupervised, there is a risk of a fire.
Impact: { 5 }. A fire would be extremely catastrophic so this warrants the top rating.
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Likelihood: { 1 }. This would be a very rare occurrence as spontaneous electrical fires are, but it is a
possibility.
Action: This risk can be mitigated by the same methods as the previous risk.
Risk Name: Pulling hazard
Description: If the specimen being tested fails it could deform violently and send debris into the eyes of
an experimenter.
Impact: { 3 }. This could be bad but most likely the experimenter would be wearing eye protection.
Likelihood: { 2 }. This is fairly possible if the setup is used to test something that is not a tissue.
Action: This risk can be mitigated by having a quasi blast shield to protect the experimenter.
7.2.2 Risk Heat Map
The risks graphed relative to their likelihood and impact are shows below in Figure 25 in a sort of heat
map to identify concerning risks.

Fig. 25

The risk assessment heat map used to rank the different risk.

7.2.3 Risk Prioritization
There are a few risks that should be considered based off the risk assessment heat map. A fire would be
catastrophic so having sound wiring is of the utmost priority. Similarly sharp edges are very dangerous.
This was mitigated by filing down all of the fabricated parts as well as switching the literally hooks for
the tissue for clamps. Furthermore the entire setup was designed with metal in mind for the biohazard.
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8

DESIGN DOCUMENTATION

8.1

PERFORMANCE GOALS
1.
2.
3.
4.

The motion of the motors and the recording of the forces are synchronized.
The user should be able to specify the number of data points recorded per second.
Components will not visibly warp. The parts holding the tissue will remain rigid and square.
The user should be able to vary the stretching protocol and customize its parameters to their
liking.
5. It will be able to displace distances of one micrometer or less.
8.2

WORKING PROTOTYPE DEMONSTRATION

8.2.1 Performance Evaluation
The team believes the performance of the prototype is satisfactory. It does everything in its scope and
reached all 5 of its performance goals listed above.
8.2.2 Working Prototype – Video Link
Playlist Link:
https://www.youtube.com/watch?v=eg0063MxS_Y&index=1&list=PLf7QwDDdGHAiiom7-6w_Zh4DWiUe48c7
Full Video Link:
https://www.youtube.com/watch?v=W-X_VHMlHcA&feature=youtu.be
(Note: due to some editing software difficulties some of the videos were rotated 90o by processing. The
playlist has the correct orientation)
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8.2.3 Working Prototype – Additional Photos
Figure 26 shows the front of the final working prototype. It primarily shows the actual mechanics of the
testing.

Fig. 26

Front view of the final prototype.
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Figure 27 shows the back of the working prototype. It primarily shows the wiring and control systems.

Fig. 27

Back view of the final prototype.
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9

DISCUSSION

9.1

DESIGN FOR MANUFACTURING – PART REDESIGN FOR INJECTION MOLDING

9.1.1

Draft Analysis Results

Figure 28 shows a before and after draft analysis of the base plate. The change was a drafting redesign.
Before

After

Positive Draft
Requires Draft

Negative Draft

Fig. 28

Drafting redesign of the base plate for manufacturing.

9.1.2 Explanation of Design Changes
The base plate was redesigned for injection molding to reduce the draft of the part. This dulls the edges to
make removal from the molding cast easier and thus the part is more suited for production by molding.
This part was modified by adding a 3o draft to all vertical faces to help with this process. It does not alter
function of the part whatsoever and makes it easier and cheaper to manufacture so it is a net win and
positive design change.

9.2

DESIGN FOR USABILITY – EFFECT OF IMPAIRMENTS ON USABILITY

9.2.1 Vision
If user is visually impaired it might be hard for the user to load the tissue sample on the device since it
requires precise motor control for the small parts. Someone with presbyopia who has trouble seeing
things close to them might struggle with this. It might also make it difficult for user to operate the device
and read the results after the device is done stretching the tissue, depending on the user’s level of visual
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impairment. Someone with colorblindness might have more trouble adjusting the wiring of the device or
interpreting the output depending on its final state.
9.2.2 Hearing
The usability of this device for someone who is hearing impaired is not affected. They might not hear
cues of mechanical start or mechanical failure but visual observation will more than make up for this.
9.2.3 Physical
If user is physically impaired it might be hard for the user to load the tissue sample on the device. It might
also be difficult for user to operate and record data from the device. Since the pieces are small it requires
dexterity. Additionally the device will be placed on a counter and might not be as accessible to someone
who can not stand.
9.2.4 Language
User would not understand the instructions on the screen but should not affect other usability of the
device.
7.2

OVERALL EXPERIENCE

7.2.1 Does your final project result align with the initial project description?
The final project results aligned with the initial scope. The prototype meets all of the design goals and
does so in a way to maximize overall utility while being as safe, efficient, and easy to use as possible. The
design still accomplishes the core goal of measuring a tissue accurately and reliably. It has sophisticated
and modular computer controls.
The prototype also reached all of its performance goals. The motion of the motors and recording of the
forces is synchronized as the arduino outputs a paired time and force for each reading. The user is easily
able to specify the number of data points recorded per second although there is no real reason to not
choose the maximum amount. The components do not have any deflection, ensuring the precise
measurement of strain. Additionally the user is able to choose from one of three stretching protocols and
can easily change the hold times and maximum strain displacements. Finally, as proven from the strain
analysis, the motor is able to displace less than one micrometer. The stepper motor has 200 steps per
revolution with 16 steps per microstep. One rotation translates to a half millimeter of displacement
through the micrometer so the smallest unit of discretion, a microstep, translates to 0.156 micrometers.
7.2.2 Was the project more or less difficult than you had expected?
The project was as difficult as expected. The manufacture and assembly of the prototype worked as
expected. The least planned for aspect was the difficulty of the control. Group members had no prior
experience in Arduinos. Constructing the circuitry and running the code was much more difficult than
expected. There is not much clear reference material on the exact drivers and such. It took many hours of
research to understand how to connect the wires to the pins as well as how to get the arduino to fire the
pins correctly to get the motor to move and the data sensor to pick up the signals correctly. One of the
major roadblocks was the difficulty of troubleshooting. If the code looks like it should work and the wires
appear to be in the correct place and the motor doesn’t run it could be one of a dozen things.
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7.2.3 In what ways do you wish your final prototype would have performed better?
The group wishes the force transducer and vernier shield that reads in the data could have taken faster
readings. There is a minimum spacing between readings of roughly 20ms that it couldn’t get faster than.
The prototype performed well and hit all of its performance goals so besides extras like that the group was
satisfied with its performance.
7.2.4 Was your group missing any critical information when you evaluated concepts?
The group was not missing anything critical when evaluating concepts. The direction of the prototype was
pretty clear and most of the components would have been very similar in any concept. It was more about
the relative orientation of the components. The orientation was chosen for accuracy of data and ease of
use.
7.2.5 Were there additional engineering analyses that could have helped guide your design?
With additional engineering analysis expected force readings could have been calculated from the tissues
to decide how strong of a motor and how precise of a force transducer the group should have gotten. It
worked out well but it would have been more ideal to plan with exact numbers rather than a rough
magnitude from common knowledge and estimation. One can estimate the force of a tissue roughly
through methods such as PCSA. PCSA is the physiological cross section area of the muscle which is used
in relation to the orientation (pennation angle) of muscle fibers along with a general stress constant, fiber
length, and tissue density to calculate the maximum tensile force.
7.2.6

How did you identify your most relevant codes and standards and how they influence revision of
the design?
The group searched for codes and standards pertinent to the function of the prototype, the type of device it
is, and the nature of the assembly itself. The relevant codes and standards had almost no influence on the
design.
7.2.7

What ethical considerations (from the Engineering Ethics and Design for Environment seminar)
are relevant to your device? How could these considerations be addressed?
There aren’t really many ethical considerations for this sort of project. Perhaps being energy efficient,
having a low risk of failure, and being low injury risk is relevant to the device.
7.2.8

On which part(s) of the design process should your group have spent more time? Which parts
required less time?
The group should have spent some more time on the design process upfront. Creating more fleshed out
concepts and assemblies for construction would have been of value. Some parts of the design process
were less time intensive such as the gantt chart and risk matrix.
7.2.9

Was there a task on your Gantt chart that was much harder than expected? Were there any that
were much easier?
The Gantt chart proved to be difficult to plan from. This is due to outside influences such as parts arriving
later than expected and certain roadblocks in the building process. It is difficult to plan how long building
something is going to take without having prior experience with it. That said, having a forecasting tool is
very useful in comparison to having nothing despite the fact that it will be imperfect by nature. The
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engineering analysis took much less time than expected, as did the concept review. The testing of the
motors and sensors took much longer than expected as well as the design review.
7.2.10 Was there a component of your prototype that was significantly easier or harder to
make/assemble than you expected?
The coupler between the shaft of the stepper motor and the micrometer provided some difficulties in
manufacturing and assembly. The original design was to secure both ends of the coupler to the shaft and
end knob of the micrometer with set screws inserted into the coupler. The set screws would screw against
the surface of the shaft and the knob of the micrometer, securing the two parts. This appeared to be the
most simple and secure way of attaching the two components. However, it turned out that the knob of the
micrometer was not long enough to support the insertion of the set screws that were available. With a
very small set screw and hole, the original design may have been accomplished. Since such a small
fastener was unavailable and such a small hole difficult to manufacture, another method had to be used.
Since the hole on the micrometer end of the coupler had not been drilled out to its full dimension before it
was realized the set screw would not work, it could be used as a force fit. So in the end, that end of the
coupler was drilled out to a few thousands of an inch smaller than the diameter of the knob on the end of
the micrometer, which facilitated a successful pairing of the two components.
7.2.11 If your budget were increased to 10x its original amount, would your approach have changed? If
so, in what specific ways?
If the budget of the project was increased to 10x as much, with the $3,680 the group would likely keep the
same design but would use more sophisticated equipment. The sky's the limit on sensor and there are
more precise stepper motors out there as well as motors with different torque ratings for bigger tissues.
Additionally there are different types of transducers which don’t operate linearly and have a lever. Aurora
scientific makes more expensive force transducers that could be mounted directly above the tissue and
provide precise measurements. Another extra that could be added is an electric stimulator which would
shock the tissue and induce contractions. This would expand the scope of the device and allow for testing
of extra muscle properties.
Such force transducers can be found at:
http://aurorascientific.com/products/muscle-physiology/force-transducers/
7.2.12 If you were able to take the course again with the same project and group, what would you have
done differently the second time around?
The second time around the group would certainly order some of the parts (motor, arduino, and force
sensor) as early as possible since they would likely be similar in any design. Then the group could figure
out the exact placement and assembly off of these later. The assembly is dependent on how these pieces
fit together anyway and the group only did out final dimensions at the very end of the project. This would
allow for more time to figure out the control of the arduino as well as allow the group to get final
schematics sooner.
7.2.13 Were your team member’s skills complementary?
The team members skills were very complimentary. Some were good with machining and CAD due to
prior experience and others were more apt with the coding control as well as some of the deliverables.
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7.2.14 Was any needed skill missing from the group?
Since the project had a significant electrical/computer component, it would have been useful to have
someone with an electrical engineering minor in the group. The project was finished according to specs so
it wouldn’t have changed the outcome but it would have made the work that went into it go by quicker.
7.2.15 Has the project enhanced your design skills?
This project has enhanced the group’s design skills. Being able to create different concepts with an
emphasis on functionality and usability for the end consumer is valuable. Additionally thinking of
externalities like risks, production, and reliability opens one’s mind to other things one may not have
considered before having done a project like this.
7.2.16 Would you now feel more comfortable accepting a design project assignment at a job?
I personally feel that I would be able to produce a better quality design project on the job having
completed this senior design course. I now have a better understanding of roadblocks along the way and
how decisions made along the way in the design process propagate throughout the course of the project.
This is invaluable experience since you can only learn well by doing. Actually getting the project done
instills more confidence in being able to get anything working. Additionally, having gone through a
creative process on an open ended project and seeing it through from start to finish helps strengthen those
skills for future use.
7.2.17 Are there projects you would attempt now that you would not have attempted before?
I found the arduino stuff fascinating and I now have more confidence using such tools. In the future I
would like to attempt more arduino projects for fun. I would like to attempt to make one of those magic
mirrors with displays and have it react to user inputs. For instance with a motion sensor it would light up
when someone walks by. But the arduino is such a powerful tool that possibilities are endless. One
popular application is a personal CNC mill!
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APPENDIX A - PARTS LIST

Table 5 lists all the parts used in this prototype as well as their source and cost.
Table 5
Part

1

Micrometer

List of parts used in this prototype.
Supplier Color, TPI,
Source Link Part
other part
Number
IDs
https://www.mcmaster.c
om/#8578a65/=19rnqa8

2

Microstepping
Motor

https://www.omcstepperonline.com/hybri
d-stepper-motor/nema23-bipolar-18deg126nm-1784ozin-28a25v-57x57x56mm-4wires-23hs22-2804s.html

3

Force
Transducer

https://www.vernier.com
/products/sensors/forcesensors/dfsbta/#requirements

4

Base Plate
5

6

7

Linear Slide

Arduino

Aluminum
Extrusion

Unit
price

Tax

silver

$86.00

$3.63

$0.00

1

$89.63

black/silver

$12.68

$0.54

$0.00

1

$13.22

black

$109.00

$4.61

$0.00

1

$113.61

$0.00

$0.00

1

$2.45

$1.14

$0.00

1

$28.23

23HS222804S
DFSBTA

Silver

$2.45

PSV-141

https://www.amazon.co
m/Arduino-Uno-R3MicrocontrollerA000066/dp/B008GRTS
V6/ref=sr_1_4?ie=UTF8
&qid=1507746427&sr=8
-4&keywords=arduino
https://us.misumiec.com/vona2/detail/110
302683830/?Inch=0

Total price

8578A65

http://www.scaffoldexpr
ess.com/5-x-5-ScaffoldBase-Plate-p/psv141.htm?gclid=CjwKCA
jwgvfOBRB7EiwAeP7e
hgaqX_5NLBvEBTJgHu
r3DwymXSUnM8lE0yZ
K0Exo_niNHUe3wox6RoCKhcQAv
D_BwE

https://us.misumiec.com/vona2/detail/110
300072310/?Inch=0

Shipping Quantity

SRH150
12

A000066
KHFS520201000

silver
$27.09
multicolored

$27.95

$1.18

$0.00

1

$29.13

silver

$6.41

$0.27

$0.00

1

$6.68

Total:

$282.95
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APPENDIX C - CAD MODELS
Figure 29 shows the base plate.

Fig. 29

A schematic of the base plate part.

Figure 30 shows the bath.

Fig. 30

A schematic of the bath part.
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Figure 31 shows motor shaft coupler.

Fig. 31

A schematic of the motor shaft coupler part.

Figure 32 shows the motor base plate.

Fig. 32

A schematic of the motor base plate part.
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Figure 33 shows the motor tab.

Fig. 33

A schematic of the motor tab part.

Figure 34 shows the slide to micrometer coupler.

Fig. 34

A schematic of the slide to micrometer coupler part.
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Figure 35 shows the force transducer tab.

Fig. 35

A schematic of the force transducer tab part.
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Code Appendix

Final Arduino code
//define Arduino pins
#define stepPin 3
#define dirPin 4
#define EN 5
//include library for force transducer
#include "VernierLib.h"
VernierLib Vernier;
float inputData; //global var to store sensor reading
int protocol = 1;
int strain = 2; //in mm
int cycles = 5; //maximum number of cycles
int holdtime = 3; //hold time for ramp and sawtooth in seconds
//CORRESPONDENCE OF "protocol":
//1 -> Ramp & Hold /
\/
\
//2 -> SawTooth / \_/ \_/
//3 -> Triangle /\/\/\
//CORRESPONDENCE OF "strain":
//a full turn is a half milimeter
//a full turn is 200 steps
//we have 16 microsteps per step
//a full turn is 3200 microsteps
//64000 microsteps per milimeter
int steps = strain * 6400; //how many pulses we fire to get desired strain rate
int count = 0; //counts number of cycles elapsed
int hold = holdtime * 1000; //convert time to ms
int z = 0;
int row = 0;
//int samplerate = 1000; //how many Hz we sample at (current maximum input is 1000Hz)
//int rate = (1/samplerate)*1000; //this is how many ms elapse between each sample
int samplecounter=0;//counting how much has elapsed;
void defaultPins() //set to defaults
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{
digitalWrite(stepPin, LOW);
digitalWrite(dirPin, LOW);
digitalWrite(EN, HIGH);
}
void setup() {
//initialize inputs and outputs
pinMode(stepPin, OUTPUT);
pinMode(dirPin, OUTPUT);
pinMode(EN, OUTPUT);
defaultPins(); //default
Serial.begin(9600);
digitalWrite(EN, LOW); //unlock
//initialize vernier
Vernier.autoID();
Serial.println(Vernier.sensorName());
Serial.println(Vernier.sensorUnits());
Serial.println("CLEARDATA"); //clears any residual data
Serial.println("LABEL,Time,Force");
}
void forward(){
//Serial.println("forward");
int x;
digitalWrite(dirPin, LOW); //sets direction of pin
//Serial.println(steps);
for(x= 1; x<steps; x++) //how much we want strain to be
{
digitalWrite(stepPin,HIGH); //fire 5V puls
delay(1); //duration of pulse
digitalWrite(stepPin,LOW); //end pulse
delay(1); //wait till next pulse
inputData = Vernier.readSensor(); //read one data value
Serial.print(millis());Serial.print(" ms,");Serial.print(inputData);Serial.println(" N, (F)");
//z++;
//row++;
}
}
void backward(){
//Serial.println("backward");
int x;
digitalWrite(dirPin, HIGH); //other direction
for(x= 1; x<steps; x++)
{
digitalWrite(stepPin,HIGH);
delay(1);
digitalWrite(stepPin,LOW);
delay(1);
inputData = Vernier.readSensor(); //read one data value
Serial.print(millis());Serial.print(" ms,");Serial.print(inputData);Serial.println(" N, (B)");
}
}
void loop() {
//inputData = Vernier.readSensor(); //read one data value
//Serial.println(inputData); //arduino sampling rate is 125 kHz
//Serial.print("DATA,");Serial.print(millis());Serial.print(",");Serial.println(inputData);
//z++;
//row++;
//Serial.println("loop");
//Serial.println(protocol);
//protocol [1=ramp][2=sawtooth][3=triangle]
if(protocol==1){
//RAMP!
Serial.println("firing");
forward();
delay(hold); //how many ms of delay
backward();
}
else if(protocol==2){
//SAWTOOTH!
forward();
delay(hold);
backward();
delay(hold);
}
else if(protocol==3){
//TRIANGLE!
forward();
backward();
}
else{
digitalWrite(EN, HIGH);
}
count++;
if(count==5){
protocol=4;
}
}
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